The dynamics of oligomer desorption from surfaces has been studied by measuring the desorption kinetics of a set of straight chain alkanes [H͑CH 2 ͒ n H, with n 5 to 60] from the surface of single crystalline graphite. Desorption is observed to be a first-order process and the preexponent of the desorption rate constant has a value n 10 19.660.5 sec 21 and is independent of the oligomer chain length. More interestingly, we find that the barrier to desorption has a nonlinear dependence on chain length and takes the form DE This Letter reports the barriers to desorption ͑DE z des ͒ of straight chain alkanes [H͑CH 2 ͒ n H, with n 5 to 60] from the surface of graphite into vacuum and the finding of a nonlinear dependence of DE z des on chain length, n. This nonlinear behavior reveals something of the dynamics of the complex process or mechanism by which oligomeric species desorb from surfaces. Independent of its fundamental interest, this result has implications for a number of technologically important surface phenomena such as the evaporation of thin lubricant films from the surfaces of magnetic data storage disks and the desorption of alkanes from the surfaces of Fischer-Tropsch catalysts.
This Letter reports the barriers to desorption ͑DE z des ͒ of straight chain alkanes [H͑CH 2 ͒ n H, with n 5 to 60] from the surface of graphite into vacuum and the finding of a nonlinear dependence of DE z des on chain length, n. This nonlinear behavior reveals something of the dynamics of the complex process or mechanism by which oligomeric species desorb from surfaces. Independent of its fundamental interest, this result has implications for a number of technologically important surface phenomena such as the evaporation of thin lubricant films from the surfaces of magnetic data storage disks and the desorption of alkanes from the surfaces of Fischer-Tropsch catalysts.
The vast majority of measurements of molecular desorption kinetics from surfaces have used relatively small species for which the desorption process is considered simply as a displacement along the surface normal. This desorption mechanism can be adequately modeled using a single well-defined reaction coordinate through a fairly simple potential energy surface describing the interaction of the molecule with the surface. The desorption rate constant is usually considered to have the form given by the transition state theory [1] 
where h is Planck's constant and k B is Boltzmann's constant. The DE z des is the difference between the zero-point energies of the adsorbed state and the transition state for desorption. At best the multidimensional nature of the adsorbate-substrate potential energy surface influences the desorption kinetics through the partition functions for the adsorbed state ͑q͒ and the transition state for desorption ͑q z ͒.
Consider the desorption of an oligomeric species such as H͑CH 2 ͒ 60 H from a surface. Many scanning tunneling micrographs (STM) of alkanes adsorbed on graphite at room temperature reveal an all-trans conformation stretched out and interacting with the surface along its length [2] [3] [4] [5] . Since the desorbed state has no segments interacting with the surface one might predict that the DE z des should be linear in the chain length. There have been several prior sets of measurements which observe the effects of alkyl chain length on the desorption kinetics of species such as alkyl alcohols and simple alkanes adsorbed on metal surfaces [6] [7] [8] [9] . In these cases the range of alkyl chain lengths has been limited to n # 12. Needless to say, over this limited range the measured values of DE z des are linear in n. However, one can imagine a multitude of energetically equivalent trajectories by which an oligomer such as H͑CH 2 ͒ 60 H might desorb from a surface. The combined contributions of these trajectories must influence the overall desorption reaction kinetics. In this Letter we report the results of the first set of measurements to use a broad enough set of oligomer chain lengths, n 5 to 60, to allow observation of a nonlinear dependence of DE z des on n. Adsorption and desorption of the straight chain alkanes from graphite were performed under ultrahigh vacuum (UHV) conditions. The sample of highly oriented pyrolytic graphite was mounted on a UHV manipulator that allowed cooling to 100 K and heating to 1000 K. The graphite surface was prepared simply by peeling off the top layers in air and then cleaned by heating to 1000 K following its introduction into the vacuum chamber. This procedure was deemed sufficient since the desorption kinetics of the short alkanes from the surface were extremely reproducible. During a normal temperature programmed desorption experiment using heptane ͑C 7 H 16 ͒ the desorption temperature was always found to be 211 K and the width of the desorption peak was #7 K. Adsorption of the alkanes was always performed with the graphite surface at ,120 K. For the alkanes with n # 12 adsorption was performed using a leak valve to introduce the vapor into the vacuum chamber at a controlled pressure for a controlled period of time. The feature of our apparatus that allowed experiments with long chain alkanes is a dosing system developed to allow the introduction of species with extremely low vapor pressures. This device will be described elsewhere but basically consists of a heated zone in which the species of interest is vaporized and a long collimating tube which can be positioned directly in front of the graphite sample or directly in front of the aperture to the mass spectrometer [10] . The 21 alkanes with n in the range 5 through 60 were all purchased from commercial sources. Although
The American Physical Society these are nominally monodispersed as provided the higher molecular weight species required extensive degassing to remove low molecular weight, high vapor pressure components to the point that the primary species coming from the doser was the species of choice. Once purified the high molecular weight alkanes were adsorbed on the graphite surface by positioning the sample immediately in front of the collimating tube of the doser with the heated zone at a temperature in the range 40 to 250 ± C depending upon the alkane being used. The coverage of alkane on the surface was controlled by the time of exposure. Once the alkane was adsorbed at the desired coverage the graphite surface was positioned in front of a quadrupole mass spectrometer and heated at a constant rate from 130 to 850 K in order to induce desorption of the alkane. For each of the 21 alkanes these thermal desorption experiments were performed with a heating rate of 2 K͞s and coverages ranging from ,0.1 to .1 monolayers. For a subset of nine alkanes the desorption experiments were also performed using a constant coverage of 1 monolayer and variable heating rates in the range 0.1-5 K͞s. In all instances the desorption of the alkane is molecular. There is only a single species desorbing from the surface over a narrow temperature range and there is no evidence for decomposition of the adsorbed species or contamination of the surface by fragments still adsorbed after heating to 850 K.
Thermal desorption spectra were obtained for all 21 alkanes as a function of coverage on the graphite surface. The desorption spectra for C 32 H 66 are illustrated in Fig. 1 and are representative of those observed for all the alkanes. At low exposures there is a single desorption peak at 523 K that grows with increasing coverage. This high temperature peak is due to the desorption of the C 32 H 66 monolayer from the graphite surface. For the shorter chain alkanes this monolayer desorption peak saturates in intensity as the coverage increases. As it approaches saturation a second set of desorption peaks appears at lower temperature (350 K for C 32 H 66 ) which is due to desorption of the multilayer from the surface. The double peak structure observed in the multilayer desorption of C 32 H 66 is consistently observed for all the longer chain alkanes. Although its origin is not known it is possible that this is due to desorption from the second and then the third alkane layers on the graphite surface. The important result revealed by Fig. 1 is that the monolayer desorption feature has a peak temperature which is coverage independent. This is consistent with a first-order desorption process having a desorption barrier that is independent of coverage, in other words, a desorption rate equation of the form
where u is the coverage of adsorbed alkane and n is a preexponential factor. The fact that all the alkanes desorb from the graphite surface with such simple and well-defined kinetics means FIG. 1. Thermally programmed desorption spectra for C 32 H 66 adsorbed on the surface of graphite at 120 K at various coverages. The desorption peak at 523 K is due to the monolayer adsorbed directly to the graphite surface. The features at 350 K are assigned to desorption from the multilayers. The monolayer desorption temperature is independent of coverage indicating a first-order desorption process with a coverage independent desorption barrier. The heating rate was 2 K͞s and the ion fragment monitored with the mass spectrometer was at m͞q 57 ͑C 4 H 9 1 ͒.
that the desorption spectra can be analyzed to obtain kinetic parameters. The simplest analysis is the Redhead method which relates the desorption kinetic parameters n and DE z des to the experimental variables b (the heating rate) and T p (the peak desorption temperature) through the equation [11] 
By measuring T p using a range of heating rates it is possible to obtain n and DE z des independently. Variable heating rate desorption experiments have been performed using a set of nine alkanes in the length range n 7 to 44. The values of the desorption preexponent n obtained from these variable heating rate experiments are plotted in Fig. 2 as a function of n. The desorption preexponent appears to be roughly independent of chain length with a value of n 10 19.660.5 sec 21 . The fact that this is substantially higher than the value of k B T ͞h ͑ϳ10
13 sec 21 ͒ indicates that the partition function for the transition state to desorption is much higher than that of the adsorbed alkane.
FIG. 2.
The preexponential factors ͑n͒ of the first-order desorption rate constants ͑k͒ for alkanes of varying chain length (n 7 to 44). These were determined from thermal desorption spectra obtained at varying heating rates (b 0.1 to 5 K͞sec). The value of log͑n͒ is apparently independent of alkane chain length.
This can be ascribed to a transition state with relatively free lateral translational motion across the surface [1] . In long straight chain alkanes there are many degrees of freedom that can, in principle, become free once portions of the chain are desorbed from the surface. These degrees of freedom might influence the desorption preexponent although one would expect such effects to be dependent on the chain length. The fact that the desorption preexponent is independent of chain length suggests that its magnitude is indeed due to a degree of freedom common to all the alkanes such as center of mass translation in the transition state.
Desorption spectra measured at varying alkane coverages using a constant heating rate have been obtained for all 21 straight chain alkanes used in this investigation. Using a desorption preexponent of n 10 19.6 sec 21 we have determined the DE z des for each alkane based on the peak desorption temperatures T p , which lie in the range 169 to 726 K. The values of DE z des are plotted in Fig. 3 and reveal the nonlinear dependence on chain length, n. As a first approach to the analysis of the nonlinear dependence of DE z des on chain length we have fit the data to a power law expression of the form DE z des A 1 Bn a . The reason for including the offset A rather than using pure power law scaling ͑~n a ͒ is that the ends of the alkane chains are unlikely to have the same interaction with the surface as the chain segments in the middle of the molecule. For   FIG. 3 . The barriers to desorption ͑DE z des ͒ for alkanes with n 5 to 60 adsorbed on the surface of graphite. These were determined from peak desorption temperatures that ranged from 169 to 726 K by using a first-order desorption rate law and a value of the desorption preexponent of n 10 19.6 sec 21 . The range of n is clearly large enough to reveal the nonlinearity of the DE small alkanes this will certainly be a significant contribution to the desorption energy and the offset A is a correction for that effect. The fitting parameters found for the DE z des dependence on chain length are A 229 6 4 kJ͞mole, B 42 6 2, and an exponent of a 0.50 6 0.01. It is interesting to note that the extrapolation of the expression for DE z des yields a value of 13 kJ͞mole for the desorption of methane from graphite which is extremely close to the well-determined value of E b 12.2 kJ͞mole reported for the binding energy of methane on graphite [12] . This close comparison may be fortuitous since the extrapolated value of DE z des 30 kJ͞mole for ethane does not match as closely the experimentally, although less welldetermined, value of E b 17.2 kJ͞mole. Nonetheless the fit for n 5 to 60 reproduces the data extremely well and is shown as the solid line in Fig. 3 .
In view of the fact that there are many room temperature images of the alkanes on graphite which show these molecules adsorbed in straight, all-trans configurations on the surface, it is extremely interesting that the DE z des do not scale linearly in chain length [2] [3] [4] [5] . The implication is that at the desorption temperature configurational entropy in either the initial state or the transition state to desorption decreases the net DE z des for the longer chain 4340 oligomers. The possibility that this entropy increase occurs in the initial state is borne out by variable temperature STM studies that reveal reversible disordering of the alkanes at temperatures above 300 K [2] [3] [4] [5] . The fact that ͑DE z des -A͒ scales as n 1͞2 is also intriguing. It should be noted that a true power-law representation of log͑DE z des ͒ versus log͑n͒ yields a curve with a slope of 0.65 at n 5 that tends to 0.55 at n 60. These results suggest that as a result of configurational entropy the number of monomers interacting with the surface at the desorption temperature is of order n 1͞2 rather than n. There are many theoretical and some experimental studies of the behavior of polymeric species interacting with rigid surfaces. These indicate that under certain conditions the fraction of segments of an adsorbed polymer of length n that are attached to the surface scales as n 1͞2 . The theoretical description of polymer adsorption at surfaces is in terms of structures having "trains" of sequential segments adsorbed to the surface, "loops" of desorbed segments between the trains, and desorbed "tails" at either end. Early descriptions based on random walks and Monte Carlo simulations modeled the case of the isolated chain at a surface [13, 14] . These showed that the fraction of adsorbed segments for a polymer of length n is proportional to n 1͞2 for critical values of the segmentsurface interaction energy that are of order k B T . For other values of the interaction energy the scaling constant tends towards 1 2 for low values of n. At the interface between a solid surface and a polymer melt the fraction of segments of a given polymer molecule attached to the surface scales as n 1͞2 [15] . Experimental and theoretical studies of the detachment rates of polymers from surfaces into solution and into a melt also show power-law scaling with chain length [16, 17] . The experimental measurement of detachment rates into a polymer melt revealed a friction force against a strongly interacting surface that scales as n 1͞2 . In all there are a number of observations that suggest that interaction strengths of polymers with surfaces and detachment rates can scale with n 1͞2 . Although the results of our experiments certainly suggest this type of behavior, it is not clear that the conditions of our measurement correspond to those of previous such observations. The measurements of DE z des reported in this Letter are for alkane oligomers adsorbed at a graphite-vacuum interface. The ability to vary temperature over a wide range has enabled us to measure desorption rate constants that would vary by almost 40 orders of magnitude at room temperature. In terms commonly used to discuss polymersurface systems ours might be described as desorption from a strongly interacting surface into an infinitely dilute, poor solvent (vacuum). The fact that the desorption kinetics that we measure are first order in coverage suggests that one can consider the molecules as isolated in the sense that intermolecular interactions are weak by comparison with alkane-graphite interactions. Modeling of these results that is to be described elsewhere suggests that the segment-surface interaction energy is´ 8.2 kJ͞mole [10] . This means that the segment-surface interaction energy at the desorption temperature ranged from´ 5.8k B T [for H͑CH 2 ͒ 5 H] to´ 1.4k B T [for H͑CH 2 ͒ 60 H]. These are the first such measurements of their type and have measured DE z des for a very simple and well-defined oligomer-surface system. Although there is plenty of evidence that suggests n 1͞2 scaling for related systems and similar properties, the rationale for this scaling of DE z des under the conditions of our measurement is still not clear.
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